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We present a combined experimental and theoretical study of the electronic structure of the inter- 
metallic compound TiGePt by means of photoelectron spectroscopy, x-ray absorption spectroscopy 
and full potential band structure calculations. It was recently shown [Ref. 1] that TiGePt undergoes 
a structural phase transition by heating which is accompanied by a large volume contraction and 
a drastic change of physical properties, in particular a large decrease of the electrical resistivity. 
The present study revealed substantial differences in the electronic structure for the two TiGePt 
modifications, although they have the same nominal composition and show similar electron counts 
for particular valence band states. Our photoemission experiments and band structure calculations 
establish that an insulator-to-metal transition occurs with an appreciable band broadening and 
closing of the band gap. 



I. INTRODUCTION 



The wealth of interesting physical phenomena that can 
be found for equiatomic intermetallic compounds, like su- 
perconductivity, heavy-fermion or Kondo behavior, mag- 
netic ordering, or thermopower, is not only due to the 
vast amount of possibilities of combining two or more 
different elements from the periodic table. The interplay 
between electronic structure, crystal structure and chem- 
ical bonding leads to an additional degree of variability. 
The ternary equiatomic compound TiGePt is such an 
example.^ This intermetallic adopts two different crystal 
structures (Fig. [T]). The low temperature (LT) modifi- 
cation of TiGePt forms in the MgAgAs-type structure^ 
(" half-Heusler" ) . Here, Ti and Ge atoms form a sodium 
chloride type lattice, in which Pt atoms are inserted in 
half of the tetrahedral voids. By heating above 885 °C, 
TiGePt transforms via a reconstructive transition into 
an orthorhombic TiNiSi-type structure^ with a consid- 
erably lowered symmetry. The high temperature (HT) 
modification of TiGePt can be quenched down to low 
temperatures. Its crystal structure can be regarded as 
a three-dimensional network formed by edge-sharing six- 
membered puckered rings of Pt and Ge atoms, interlinked 
along the [100] direction through short Pt-Ge contacts. 
In the [010] direction, large eight-membered Pt-Ge rings 
form channels in which Ti atoms are embedded. 

It is remarkable that the volume is reduced by over 10% 
in going from the LT to the HT phase. ^ Furthermore, the 
occurrence of an insulator-metal transition was suggested 
based on electrical resistivity measurements.^ In the LT 
phase, TiGePt revealed a semiconducting behavior, while 
in the HT modification it showed a more metallic tem- 
perature dependence with three to four orders of mag- 
nitude smaller resistivity values. The structural changes 



are caused by differences in chemical bonding. Analy- 
sis of the atomic interactions within the electron den- 
sity/electron localizability approach revealed strong dif- 
ferences in atomic interactions between the LT and HT 
modifications.— 

A similar polymorphism has been reported for 
YbPdSb^, YbAuBi^, GdNiSb^ and VFeSb^. Ah these 
compounds crystallize in the cubic structure isotypic to 
MgAgAs at low temperatures. At elevated temperatures, 
they adopt an AlB2-related crystal structure - being the 
aristotype of the structure family to which TiNiSi be- 
longs to - with lower symmetry and larger crystal den- 
sity. In the Yb-based systems, the structural transitions 
are accompanied by changes in valence state of Ybi^i^ For 
GdNiSb, an insulator-metal transition has been predicted 
based on ab initio electronic structure calculations, but 
not been confirmed experimentally yet.^ Electrical resis- 
tivity measurements for VFeSb suggest a transition from 
a highly doped semiconductor to a metallic-like conduc- 
tor at a temperature of 1042 K.~ So far, the change in its 
electrical properties has not been inspected in detail by 
means of an electronic structure study. 

Here, we report on the electronic structure of TiGePt 
in both the LT and HT phases. The objective of our 
study is to establish the relationship between the crystal 
structure and the electronic properties of TiGePt. To 
this end we will employ X-ray photoelectron and ab- 
sorption spectroscopies in combination with full potential 
electronic band structure calculations. 



II. METHODS 

The samples were prepared and characterized as de- 
scribed in Ref. [ij. All spectroscopic measurements were 
carried out at room temperature. The soft X-ray photo- 
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FIG. 1. (Color online) Crystal structures of the LT phase 
(cubic MgAgAs-type, left) and the HT phase (orthorhombic 
TiNiSi-type, right) of TiGePt.- Ti, Ge, Pt atoms are shown 
as white, blue and grey spheres, respectively. 



electron spectroscopy (PES) and absorption spectroscopy 
(XAS) experiments were performed at tlie Dragon beam- 
line of the NSRRC in Taiwan, using an ultra-high vac- 
uum system with a pressure in the low 10"^" mbar range. 
For the PES, a Scienta SES-100 electron energy analyzer 
was used and the overall energy resolution was set to 150 
meV FWHM at 190 eV photon energy, and to 350 meV 
FWHM at 700 eV photon energy. The energy calibration 
has been done by using the Fermi cut-off of a polycrys- 
talline Pt metal reference which was also taken as the 
zero of the binding energy scale. The 4/7/2 core level of 
the Pt metal was used as an energy reference. 

The XAS spectra at the Ti L2,3-edges were taken in the 
total electron yield mode with energy resolution of the 
photons of 150 meV. A SrTiOa single crystal was mea- 
sured simultaneously as an energy reference for the XAS. 
Before the measurements, the polycrystalline TiGePt 
samples were fractured in-situ to obtain clean surfaces. 

The XAS spectra at the Ge K-edge were obtained in 
a transmission arrangement at the EXAFS beamline C 
of HASYLAB at DESY, equipped with a Si (111) double 
crystal monochromator which yielded an experimental 
resolution (FWHM) of approximately 3 eV at the Ge K 
threshold of about 11100 eV. Powdered materials were 
mixed with small amounts of B4C and mounted on a 
sample holder (1 cm^ window) using paraffin wax. The 
data were recorded together with powdered Ge as an ex- 
ternal reference. 

The electronic structure of the two modifications 
of TiGePt was computed using lattice parameters 
and atomic positions obtained experimentally at room 
temperaturcji First-principles band structure calcula- 
tions were performed using the full-potential local- 
orbital code FPLO (version 9.01-35)^ in the fully rela- 
tivistic mode. In this method, the four-component Kohn- 
Sham-Dirac equation containing spin-orbit (SO) coupling 
to all orders is solved self-consistently. The Perdew- 
Wang parametrization^" of the exchange-correlation po- 
tential within the local density approximation (LDA) was 
employed. The Brillouin zone was sampled by a well- 
converged mesh of 27000 fc-points (30x30x30 mesh, 1368 
points in the irreducible wedge of the Brillouin zone) for 
the cubic LT phase and 10260 fc-points (20x27x19 mesh. 



1540 points in the irreducible wedge of the Brillouin zone) 
for the orthorhombic HT phase. 

To explain the near-edge structures of the Ge K XAS 
spectra, we carried out band structure calculations by 
the full potential linearized augmented plane wave (FP- 
LAPW) method^ ^ as implemented in the Wien2k_07 
codei^,. In the scalar-relativistic calculations, exchange- 
correlation effects were treated within the LDA approx- 
imation in the form proposed by Perdew and Wangi^. 
Spin-orbit coupling was included in the second varia- 
tional method using the scalar-relativistic eigenfunctions 
as basis. '^■^ By comparing the resulting total densities of 
states (DOS) and band structures with those derived 
from the fully relativistic calculations using the FPLO 
code we verified the sufficient accuracy of our FP-LAPW 
computational results. 

The near-edge spectra were calculated according to the 
formalism described in Refs [lil-lltt For dipole-allowed 
transitions, energy dependent matrix elements contain- 
ing radial transition probabilities were multiplied with 
the partial DOS. The results were convoluted by the 
pseudo-Voigt function with a FWHM of 1.5 eV for the 
Lorentzian and of 2.5 eV for the Gaussian components, 
respectively, to mimic the instrumental resolution and 
the lifetime broadening effects. Finally, the calculated 
curves were shifted by 11101.2 eV in order to match the 
experimental energy scales. 



III. RESULTS AND DISCUSSION 

Fully relativistic electronic structure calculations sup- 
port the experimental observation that the LT phase is 
the more stable modification of TiGePt. The calculated 
difference in the total energy between the two phases is 
about 0.19 eV per formula unit, which is of the same 
order as the energy scale of the observed transition tem- 
perature of about 1160 K. 

Fig.[2]shows the calculated total electronic DOS of the 
LT phase (bottom panel) and HT phase (top panel) of 
TiGePt together with the partial DOS of the Pt 5d, Ge 4p 
and 4s, and the Ti 3(i, which are the relevant states com- 
posing the valence band. The obtained electron counts 
for the valence states of the two modifications of TiGePt 
having the same nominal composition are very similar 
and amount to about 8.6, 2.7, 1.5, and 2.5 for the Pt 
5d, Ge 4p, Ge 4s, and Ti 3d orbital, respectively. Never- 
theless, the essential differences in crystal structure and 
chemical bonding properties between the two phases lead 
to substantial differences in the DOS as explained below. 

For LT- TiGePt there is a band gap of about 0.8 eV, 
consistent with the semiconducting behavior in the resis- 
tivity measurements.^ The HT phase, on the other hand, 
is a metal with a rather low value of the DOS at the 
Fermi level, i.e. about 0.3 states per eV and formula unit, 
in line with the results of our thermodynamic and trans- 
port study.-'"'^^ For this phase, the DOS above the Fermi 
level exhibits a pseudogap with a width of about 0.3 eV. 
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FIG. 2. (Color online) Total and partial density of states 
(DOS) from fully relativistic electronic structure calculations 
of TiGePt: the results for the low-temperature (LT) phase are 
shown in the bottom panel and the high-temperature (HT) 
phase in the top panel. The common vertical dashed line 
indicates the position of the Fermi level. 
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FIG. 3. (Color online) Valence band spectra of the low- 
temperature (LT) phase (bottom panel) and the high- 
temperature (HT) phase of TiGePt (top panel) in compar- 
ison with the broadened and photoionization-cross-section 
weighted partial DOS. The spectra were taken with 700 eV 
photon energy. 



In comparing the valence band of HT-TiGePt with 
that of the LT phase, one can see immediately that the 
former has a noticeably larger band width than the latter: 
7.2 eV vs 6.0 eV. The observed band broadening origi- 
nates from the altered chemical bonding situation related 
to the change in local atomic environments, followed by 
the larger orbital overlap caused by the volume reduc- 
tion, as argued in Ref. tI. Interestingly, the shallow core 
Ge 4s-like band also broadens accordingly, although it is 
located far below the Fermi level and is well-separated 
from the rest of the valence band. Moreover, this shallow 
core band is positioned between 9.0 eV and 11 eV bind- 
ing energy in the LT phase, whereas in HT-TiGePt it is 
appreciably further away from the Fermi level, namely 
between 9.7 eV and 12.0 eV binding energy. 

The two modifications of TiGePt differ also in the 
overall shape of the valence band. For the LT phase, 
the valence band can even be divided into two parts: 
a Ti 3d-Ge Ap derived band with a sizable admixture 
of Pt states in the binding energy range from 2 eV to 
£^F and a broader Pt 5d dominated part between 2.5 eV 
and 6 eV. These features, by contrast, are washed out 
in the HT phase: one can only recognize that the Pt 5d 
states are more pronounced in the energy region above 
2 eV while the Ti 3d states contribute more at the lower 



binding energy part. The Ge Ap states are even almost 
equally distributed over the entire valence band. 

One should note that for HT- TiGePt the presented re- 
sults of the fully relativistic electronic structure calcula- 
tions are very similar to those obtained recently using the 
scalar relativistic approachii In case of LT-TiGePt, how- 
ever, the inclusion of the SO coupling has a significant 
impact on the calculated DOS. It affects the d states of 
Pt and Ti, the latter ones due to their strong hybridiza- 
tion with the Pt 5d states. Consequently, the width of 
the valence band is larger than that previously reported 
and the calculated band gap is smaller by about 0.15 eV. 

The PES results taken at 700 eV photon energy are 
shown in Fig. |31 To facilitate the comparison with 
the band structure results, the experimental spectra of 
the LT phase (bottom panel) and the HT phase (top 
panel) are plotted together with their respective calcu- 
lated DOS. The partial DOS are multiplied with the 
Fermi-Dirac distribution function, weighted by their re- 
spective tabulated photoionisation cross-sections ^^ and 
broadened to account for the experimental resolution and 
lifetime effects. Finally, the commonly used integral- 
type of background - as indicated by the dotted lines in 
Fig. [3]- is added to account for the presence of secondary 
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FIG. 4. (Color online) Pt 4/ core level photoemission spectra 
of TiGePt in the low-temperature (LT, top, blue solid line) 
and high-temperature (HT, top, red dashed line) phase, and 
of elemental Pt metal (bottom, black solid line). The spectra 
were taken with 700 eV photon energy. Solid vertical lines 
represent the peak positions of the 4/7/2 levels, dashed verti- 
cal lines the center of gravity positions (see text). 



electrons during the photoemission process. The cross- 
sections per electron at 700 eV photons are 7.4, 1.9, 3.0, 
and 1.7 kb/e for the Pt M, Ge 4p, Ge 4s, and Ti Sdj^^ 
respectively. The Pt 5d and - to a lesser extent - the Ge 
4s, thus dominate at this photon energy. 

A very good correspondence between the computa- 
tional and the experimental results can clearly be seen 
in Fig. 131 The essential features in the experimental data 
are all well reproduced, including the energy gap between 
the Ge 4s-like shallow core states and the remainder of 
the valence band. The experiment confirms that most 
of the Pt 5d spectral weight is concentrated at the high- 
binding-energy side of the valence band, and that the Ti 
3d states contribute significantly to the features near the 
Fermi level. Most importantly, the broadening of the Pt 
5d and Ti 3d derived bands in the HT phase as compared 
to the LT phase is also clearly revealed by the experiment. 

As a further check we also study the Pt 4/ core lev- 
els of TiGePt and compare them to those of elemental 
Pt. The experimental spectra are displayed in Fig. 2] 
and exhibit the characteristic spin-orbit splitting giving 
the 4/5/2 and 4/7/2 peaks. For the LT phase of TiGePt, 
the peak positions are 75.7 eV and 72.4 eV, respectively. 
The HT phase has peaks at 75.5 eV and 72.2 eV, while 
elemental Pt shows peaks at 74.4 eV and 71.1 eV, respec- 
tively. The spin-orbit splitting is thus 3.3 eV for all the 
three materials. This compares well with the calculated 
spin-orbit splitting of about 3.45-3.46 eV for TiGePt in 
both modifications and elemental Pt. 

In TiGcPt the Pt 4/ peaks are shifted by 1.1-1.3 eV 
to higher binding energies in comparison to those of Pt 
metal. Similar shifts have also been observed in other 
noble-metal intermetallic compounds^^— indicating a 
lowered averaged electron density around the noble-metal 
sites. To compare this chemical shift to the results of 



LDA calculations, one has to take into account that LDA 
does not incorporate many-body effects of the final state, 
as manifested in the asymmetric line shape in the spec- 
tra of the elemental Pt, as we will discuss below in more 
detail. Yet, it can be shown that final-state effects do not 
alter the average energy of the spectrumi^ If we deter- 
mine the center of gravity of the 4/7/2, we find a binding 
energy of 72.4 eV for the LT phase of TiGePt, 72.2 eV 
for the HT phase, and 71.9±0.2eV for Pt metal. These 
centers of gravity are indicated by dashed lines in Fig. S) 
Thus, the experimental chemical shift between the LT 
and the HT phase TiGePt, and Pt metal is about 0.1- 
0.5 and 0.3-0.7 eV, respectively. This is in reasonable 
agreement with the shift obtained from our band struc- 
ture calculations which is about 0.71/0.74 eV. 

We note that the line-shape of the core levels in TiGePt 
is not as asymmetric as for Pt metal. An asymmetry in 
the line-shape is caused by the presence of electron-hole 
pair excitations upon the creation of the core hole, i.e. 
screening of the core hole by conduction-band electrons, 
and can be well understood in terms of the Doniac-Sunjic 
theory.^"* The strong asymmetry of the 4/ of Pt metal 
can therefore be taken as an indication for the high DOS 
with Pt character at the Ep ^ The rather symmetric line 
shape of the 4/ of TiGePt, on the other hand, indicates 
a rather small DOS at the Ep. Indeed, all this confirms 
the results of the valence band measurements: the main 
intensity of the Pt 5d band is between 2 and 6 eV binding 
energies, with little weight at Ep. 

We now focus our attention to the contribution of Ti 
to the electronic structure of the material. Fig. [5] shows 
the Ti L2,3 {2p^3d) XAS spectra for the two phases of 
TiGePt. It is important to note that XAS spectra are 
highly sensitive to the valence state: an increase of the 
valence of a transition metal ion by one causes a shift of 
the L2,3 XAS spectra by one eV or more towards higher 
energies)^"— Therefore, as a reference we include also 
the spectra of Ti2 03, a nominally Ti^+ (3^^) compound, 
and SrTiOs, a nominally Ti"'+ (Sd") system. 

From the experimental spectra we can estimate their 
center of gravity, and after correcting for the background, 
we obtain energy positions of roughly 460.7, 461.0, 461.5, 
and 462.9 eV for HT-TiGePt, LT-TiGePt, TisOa, and 
SrTiOa, respectively. This suggests that the valence 
of the Ti ions in the two modifications of TiGePt is 
rather similar, but appreciably smaller than in Ti2 03 and 
SrTiOa. This finding is in agreement with the effective 
atomic charges of titanium (+1.4 in LT and -1-1.3 in HT 
phase, respectively) obtained from the bonding analysis 
by means of electron density.^ Further, the FPLO calcu- 
lations result in the Ti 3d occupation of about 2.54 e and 
2.53 e for HT- and LT-TiGePt, respectively, and 2.24 e 
and 2.14 e for Ti203 and SrTiOa, respectively. These 
numbers follow the trend of the XAS energy positions, 
confirming again the consistency of the calculations. 

Apart from this, one can clearly see that the spectra 
of Ti203 and SrTi03 show distinct multiplet structures 
whereas the features observed in the TiGePt spectra are 
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FIG. 5. X-ray absorption spectra of the Ti L2,3-edge of 
TiGePt in the low-temperature (LT) and high-temperature 
(HT) phase in comparison with Ti2 03 and SrTi2 03 as refer- 
ences for Ti d^ and Ti d", respectively. 



much broader. This is fully consistent with the more ionic 
nature of the oxides as compared to the TiGePt, where 
covalent interactions play a significant role. In addition, 
the structures for HT-TiGePt are broader than for the 
LT phase, which is in line with our band structure calcu- 
lations predicting broader bands for the metallic phase 
than for the semiconductor. 

To study in more detail the conduction band of 
TiGePt, we also have performed Ge K near edge struc- 
ture measurements. The results are displayed in Fig. [6] 
together with that of the elemental Ge as a reference com- 
pound. To interpret the TiGePt spectra, we compare 
them with the calculated unoccupied 4p partial DOS, 
weighted with the energy dependent transition probabil- 
ities calculated as described in the Section [Til We can 
observe that most of the experimental features can be 
satisfactorily reproduced. The intensities are, however, 
not correct, but this to be expected since our calcula- 
tions do not take into account the core hole effect. It 
is important to note that the energy position of the Ge 
if -edge in both phases of TiGePt is the same as for el- 
emental Ge, within the experimental error bars. This 
finding is in line with the basically neutral charge state 
of germanium in both phases of TiGePt obtained from 
the analysis of the electron density based on the quantum 
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FIG. 6. (color onhne) X-ray absorption (XAS) spectra at the 
Ge ii'-edge for TiGePt in the low-temperature (LT) and high- 
temperature (HT) phase (black solid lines with experimental 
points), together with the data for the reference system Ge 
(blue dashed lines with experimental points) and with the 
calculated XAS spectra (red soUd lined). The experimental 
spectra were normalized using a standard method as imple- 
mented in the Athena program.— The position of the absorp- 
tion edges determined by taking the maximum in the first 
derivative of the normalized spectra is indicated by vertical 
dashed lines. The theoretical curves were scaled to match the 
maximum in the near edge XAS region of the experimental 
spectra. 



theory of atoms in molecules (QTAIM).— 

Next, we focus on the states near the Fermi level. Fig. 
[7] shows a close-up of the valence band photoemission 
spectrum (dots) and the calculated DOS (solid lines) in 
the vicinity of the Fermi level. The photoemission spec- 
tra were taken using 190 eV photons, with an overall 
energy resolution of about 150 meV. To facilitate the 
comparison, we have multiplied the DOS with the Fermi 
distribution function at 300 K (dashed lines) and broad- 
ened with the experimental energy resolution. 

For the LT phase, one can clearly observe a very good 
agreement between experiment and theory. The gen- 
tle slope and vanishing weight at the top of the valence 
band of this semiconductor is well reproduced. For the 
HT phase, the high spectral weight in the 0.2-0.8 eV re- 
gion is also well explained by the theory. Yet, the ob- 
served Fermi cut-off is not in agreement with the calcu- 
lated DOS. The calculations show a more reduced DOS 
close to the Fermi level. We currently have no explana- 
tion for this discrepancy and would like to remark that 
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FIG. 7. (Color online) Density of states and photoemission spectra near the Fermi level of the low-temperature (LT, left panel) 
and high-temperature (HT, right panel) phase of TiGePt. Top curves: density of states; middle curves: density of states 
multiplied by the Fermi distribution function at 300 K; bottom curves: photoemission spectra taken using 190 eV photons 
(dots) and density of states multiplied by the Fermi function and broadened by the experimental resolution. 



the slope of the measured spectrum in the Ferm.i level 
region matches very well the slope in the top of the cal- 
culated occupied DOS. This may suggest that the DOS of 
the measured material has somehow been shifted rigidly 
towards the Fermi level by about 80 meV. It could be 
that the measured material has some surface defects or 
imperfections which cause such a shift of the chemical 
potential. 

Finally, we discuss the nature of the bandgap changes 
in going from the LT to the HT phase. The formation of 
a band gap in MgAgAs-type compounds with a valence 
electron count of 18 per formula unit is a well-studied 
issue which has been the subject of many reports within 
the last decade.— i^"— To get insight into the cause of 
the gap closure in the HT modification of TiGePt, we 
analyse the effect of volume reduction first. In contrast 
to naive expectations, that the band broadening should 
decrease the gap, we find that the calculated gap size in- 
creases slightly with decreasing unit cell volume of the 
LT phase (10% volume contraction leads to the increase 
of gap by '^10%). Thus, the closing of the band gap in 
HT-TiGePt can not be understood by solely consider- 
ing the volume change. The absence of the gap results 
rather from a change in Ti local environment. In LT- 
TiGePt, Ti atoms are tetrahedrally coordinated by Pt 
atoms with a short distance of 2.57 A, suggesting strong 
Ti-Pt interactions. Such interactions were found to be 
crucial for the formation of a band gap in " half-Heusler" - 
type compounds. ^^•■^^"■^^ The transition from LT-TiGePt 
to the HT phase requires a breaking of the Ti-Pt bonds*i 
In HT-TiGePt, the nearest neighbors of Ti are five Ge 
atoms with an average distance of 2.71 A, followed by six 
Pt atoms with a much longer average distance of 2.98 A. 
The drastic change in the local coordination of Ti is re- 



fiected in the partial DOS. The sizable admixture of the 
Ti 3d states visible for the LT phase in the binding en- 
ergy region above ~4 eV, resulting from the hybridization 
with Pt 5d orbitals, is clearly reduced in the HT modifica- 
tion. The essential weakening of the Ti-Pt interaction in 
HT-TiGePt and a corresponding increase in bonding in- 
teraction between Ti and Ge atoms have been confirmed 
by the combined topological analysis of the electron lo- 
calizability indicator and the electron densityii 



IV. SUMMARY 

We have determined the electronic structure of the low- 
temperature (LT) and high-temperature (HT) phases of 
TiGePt by means of photoelectron spectroscopy, X-ray 
absorption spectroscopy and band structure calculations. 
The combined theoretical and experimental study re- 
vealed substantial differences in the electronic structure 
for the two TiGePt modifications, although they have 
the same nominal composition and show similar electron 
counts for particular valence band states. Most impor- 
tantly, we have confirmed that the structural change in 
TiGePt is accompanied by an insulator-to-metal transi- 
tion with an appreciable band broadening and a closing 
of the band gap. 

The good correspondence between the computational 
results and the spectroscopic data for both the occupied 
and the unoccupied states indicates that our calculations 
based on the LDA approximation provide a reasonable 
description of the electronic structure of the two mod- 
ifications of TiGePt at ambient conditions. Thus, the 
LDA level of theory can be regarded as a good starting 
point for a future theoretical study aiming to identify the 



mechanism of the structural and electronic transition in 
TiGePt and its driving force. 
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